We used observations of known-age, free-ranging spotted hyenas (Crocuta crocuta) from a large social group to develop age-estimation models. A model based on tooth-eruption data estimates the ages of animals 10.0-15.5 (Ϯ1.1 SD) months old. We used tooth-wear data to estimate the ages of adult males Ϯ4.9 months and ages of females Ϯ22.6 months. Analysis of known and estimated ages shows that males usually disperse from their natal group when 24-60 months of age. Eight of 20 males whose fates were known lived in 3 groups over time, and at least 7 of 41 resident immigrant males appeared to arrive in the study group years after leaving their birthplaces. Thus, males of this species often engage in multiple dispersal events.
Age influences many aspects of mammalian biology, including physiology (Blom et al. 1994) , epidemiology (Mills et al. 1999) , and behavior (Bernstein and Ehardt 1985) . Because anthropogenic disturbances may alter age-specific mortality and population structure (e.g., Hofer et al. 1993) , the ability to estimate the ages of animals can facilitate their conservation. In addition, age data can enhance understanding of mammalian evolution because age itself may be an important parameter in evolutionary processes such as sexual selection (Brooks and Kemp 2001) .
Counts of dental annuli are frequently used to estimate the ages of mammals, including carnivores (Driscoll et al. 1985; Fandos et al. 1993; Landon et al. 1998; Spinage 1973 ). Annuli were used by van Jaarsveld et al. (1987) to estimate the ages of spotted hyenas (Crocuta crocuta) living at relatively high latitudes in southern Africa. These age estimates have been used in analyses of growth and development (van Jaarsveld et al. 1987 (van Jaarsveld et al. , 1988 . However, for-* Correspondent: vanhorn3@msu.edu mation of annuli may be irregular in C. crocuta (Lindeque and Skinner 1984) and other carnivores inhabiting constant environments, as is often the case in equatorial regions. Also, this method requires tooth extraction, which may reduce future feeding efficiency of the subject (Van Valkenburgh 1988) .
Tooth-wear data represent another potential basis for age estimation in live African carnivores (Smuts et al. 1978; Stander 1997) . Such data can be collected less intrusively than data on annuli, although both require immobilization of subjects. Kruuk (1972) , in his seminal work on spotted hyena behavior and ecology, had no data from known-age animals but assigned individuals to 1 of 5 relative age classes based on wear of p3. Lindeque and Skinner (1984) later used the surface area of p3 to distinguish 7 relative age classes among South African C. crocuta. Relationships between dental morphology and age in captive spotted hyenas were described by Binder and Van Valkenburgh (2000) , but the diet of captive animals is softer and probably more nutritious than that of free-living C. crocuta (Berger et al. 1992) , so these relationships may differ in the wild. Tooth-wear criteria may overestimate the ages of young animals and underestimate the ages of older animals (Spinage 1973) , so model validation is particularly important. Known-age data from free-ranging C. crocuta have not been used to build or validate any age-estimation models, although such validation is desirable (e.g., Gipson et al. 2000; Harris et al. 1992; Oosthuizen and Bester 1997) . The ability to estimate absolute age of spotted hyenas would facilitate the investigation of biological phenomena dependent on maturation, such as dispersal.
Natal or primary dispersal is the complete and permanent departure of an individual from its birthplace (Greenwood 1980) . Secondary dispersal is any dispersal movement occurring after natal dispersal (Pusey and Packer 1987) and is relatively common among small mammals (reviewed as 'transfer' dispersal in Cockburn 1992) and some primates (reviewed in van Noordwijk and van Schaik 2001). However, it is considered uncommon among large mammals (Sinclair 1992) , and the extent to which it occurs among carnivores is currently unknown.
Female spotted hyenas rarely disperse from the clan, which includes adult natal females and their offspring and 1 to several adult immigrant males (Holekamp et al. 1993) . However, nearly every male eventually emigrates and assumes a low rank in another clan (East and Hofer 2001; Henschel and Skinner 1987; Holekamp and Smale 1998; Smale et al. 1997 ) after puberty at about 24 months of age (Matthews 1939) . Natal dispersal appears necessary for males to achieve reproductive success (Engh et al. 2002) . Before both primary and secondary dispersal, males use the range of their current clan as a secure base from which to explore (Smale et al. 1997; E. E. Boydston, in litt.) , then transfer directly into a new clan; they do not become nomads (E. E. Boydston, in litt.).
Our 1st goal was to develop and validate age-estimation models for C. crocuta using data from known-age wild individuals. Our 2nd goal was to test the hypothesis that secondary dispersal occurs in spotted hyenas and thus that not all interclan transfer is primary dispersal. To accomplish this, we compared the ages of immigrating and emigrating males to determine what proportion might be secondary dispersers.
MATERIALS AND METHODS
We focused on 1 clan of C. crocuta inhabiting the Talek region (1Њ40ЈS, 35Њ50ЈE) of the Masai Mara National Reserve, Kenya, in open grassland (Frank 1986) . From June 1988 through June 2001 this clan was observed for 23-31 days per month, except for April 1991 when hyenas were monitored for only 14 days. All individuals in the study clan could be recognized by their unique spot patterns. Spotted hyenas are strongly monomorphic in size and appearance (Hamilton et al. 1986 ), but we were able to sex animals in this study by the dimorphic morphology of their erect phalluses (Frank et al. 1990) . Ages of cubs when 1st observed were estimated to Ϯ7 days based on pelage, size, and behavior (Holekamp and Smale 1998) .
Hyenas were anesthetized with Telazol (W. A. Butler Company, Brighton, Michigan; 2.5 mg/kg) administered in a dart using a CO 2 -powered rifle (Telinject Inc., Saugus, California). Most hyenas (76.8%, n ϭ 151) were darted only once; but to accomplish other research objectives, some hyenas were darted repeatedly. Cubs typically were darted when 8-12 months of age (n ϭ 63). Natal males also were darted when Ն24 months of age (n ϭ 14), and natal females were darted again when we believed them to be pregnant (n ϭ 36). Immigrant males were considered resident if they stayed in the clan Ն6 months (n ϭ 58), and most resident males (70.7%) were darted. Nonresident immigrant males (i.e., those that stayed in the clan Յ6 months) were excluded from all analyses. Eighteen resident immigrant males and 13 natal males were radiocollared. Those natal males known from radiotelemetry data to establish residency in 1 clan (i.e., remained in a non-Talek clan for Ն6 months) before moving to a 2nd clan were classed as secondary dispersers, as were radiocollared resident Talek immigrant males that subsequently established residency in another clan. Smale et al. (1997) used radiotelemetry to demonstrate that dispersing male hyenas usually take exploratory forays outside their natal home range before emigrating. Therefore, adult natal males without radiocollars were considered dispersers only if they had engaged in such excursions before their disappearance from the clan, if they were in good health when last seen, and if they were last seen in the Talek area when Ն24 months of age. If these conditions were met, the estimated age of primary dispersal (n ϭ 26) was the age of the male when he was last seen in the Talek territory before his 1st absence of Ն6 months.
Thirty-one morphological measurements (15 dental, 4 cranial, and 12 postcranial; Appendix I) were collected from immobilized hyenas (n ϭ 228 dartings of 165 animals) and those found dead (i.e., n ϭ 33 necropsies, including 25 animals not darted). Incomplete observations were discarded, and measures from paired ipsilateral teeth (e.g., height of left and right p3) were averaged. The presence of deciduous teeth was noted, as was the sequence and timing of tooth eruption and replacement. Maternal rank at parturition was tested as a predictor of the age at initiation of tooth replacement among offspring in post hoc quantitative analyses. We chose maternal rank because it affects growth rates of cubs and ages at weaning (Hofer and East 1996; Holekamp et al. 1996) and thus indicates cub nutrition.
Darting data were sorted based on whether the permanent dentition was complete (i.e., subadult or adult). To avoid circularity and nonindependence during model validation, data were subdivided further into model-building and modeltesting, or validation, data sets. Observations from animals without fully erupted permanent dentition were divided randomly into 2 samples of equal size for model construction (i.e., subadult model building) and evaluation (i.e., subadult validation). Data from individuals with fully erupted permanent dentition were collected from August 1989 through December 1999. If an animal was darted repeatedly, 1 darting was chosen at random to represent that individual in the adult model-building data set. The remaining adult records were combined with observations collected from January to June 2001 to form the adult validation data set. These data include a few nonindependent points (e.g., repeated dartings from 12 animals were included in both building and validation data sets), which had no appreciable effect on model performance and so were retained for model validation.
Multicollinearity among predictor variables and low ratios of sample size to predictor variables can produce spurious regressions (Neter et al. 1996) . We conducted principal components analyses (PCA) on the correlation matrix of each model-building data set (Morrison 1990 ) to reduce iteratively the collinearity and dimensionality of the data while retaining the maximum amount of information. Multiple linear regression models were built with the remaining predictor variables (Appendix I). Various transformations (e.g., log, ln) of predictor and response data (i.e., age in months) were examined. No variable-selection method will automatically find the most appropriate predictor variables (Neter et al. 1996) . Therefore, we chose the final predictors based on congruence of forward, reverse, and stepwise variable selection procedures while minimizing the residual meansquare error, maximizing the coefficient of multiple determination (R 2 ), and minimizing the number of predictors.
We assessed a model by examining the accuracy (i.e., average discrepancy between estimated and known age) and precision (i.e., SD of estimation error) of the age estimates it produced from the validation data set. We deemed a model acceptably accurate if the average estimation error was Յ6 months and acceptably precise if the SD of the error was Յ12 months. Our initial goal in model building was to achieve these levels of accuracy and precision, but because none of the 1st multiple linear regression models met these criteria for estimating ages of animals with fully erupted permanent dentition, a 2nd approach was used. We examined sexual dimorphism in dental morphology by combining all modelbuilding and validation data from observations of complete permanent dentition and then comparing known-age data from males and females for variables previously used in estimating the ages of C. crocuta (Kruuk 1972 ) and likely to vary with age (i.e., height and occlusal length of p3, height of upper and lower canines). We compared males and females with Mann-Whitney tests in age classes where sufficient samples existed for comparison. We set ␣ ϭ 0.05 for all significance tests and used sequential Bonferroni adjustments to control for the effects of multiple comparisons (Rice 1989) . Because hyenas are monomorphic (this study; Hamilton et al. 1986) and known-age data for females were more extensive and variable than those for males, a model to estimate ages of males was built using data from females and tested with data from males. Correlations between estimated and known ages, and known ages and estimation error, were compared between models. Statistical analyses were conducted with statistical analysis software (SAS Institute Inc. 1999).
We were able to create and test an age estimator based on the relationship Binder (1998) observed between height of C1 and age in young (Յ40 months old) captive hyenas. We also assessed the estimator developed by van Jaarsveld et al. (1987) that predicted the height (in mm) of p3 from the number of visible dentine lines in cross sections of p3, with the latter as a proxy for age.
Using the best age-estimation model for adult males, we estimated age at darting of resident immigrant males and accounted for time elapsed since arrival in Talek (Holekamp and Smale 1998) to derive an estimated age at immigration. Estimated ages at immigration and known ages of emigration were compared with a 2-tailed chisquare test for homogeneity (Daniel 1990 ). Resident immigrant males were considered secondary dispersers into the Talek clan if their estimated age at arrival was greater than the sum of the maximum age of natal emigrants and the maximum model overestimation error; otherwise they were considered primary dispersers. This produces a conservative estimate of the frequency of secondary dispersal. Values are presented as mean Ϯ SD.
RESULTS
We collected 191 complete known-age observations of 151 spotted hyenas (80 females, 71 males), ranging in age from 0.2 to 198 months (females aged X ϭ 28.3 Ϯ 46.1 months, males aged 17.1 Ϯ 14.1 months). Permanent dentition of C. crocuta includes i 3/3, c 1/1, p 4/3, m 0-1/1, total 32-34. Deciduous dentition consists of i 3/ 3, c 1/1, p 3/3, total 28. Substantial individual variation in timing of tooth eruption and replacement (Table 1 ) precluded a quantitative age estimator for cubs with only deciduous teeth. Deciduous incisors and canines had erupted by birth, and deciduous cheek teeth erupted by 2 months.
Maternal rank at cub's birth, a proxy for nutritional state, was not associated significantly with the age at which the 1st deciduous teeth were replaced (r ϭ Ϫ0.074, n ϭ 53, P ϭ 0.596). Replacement of deciduous teeth begins with the incisors (1st, 2nd, and 3rd upper incisors and 1st, 2nd, and 3rd lower incisors in series), is followed by the cheek teeth (1st, 4th, 3rd, and 2nd upper premolars and 1st lower molar, 2nd, 4th, and 3rd lower premolar in series), and ends with the canines. The last deciduous teeth were replaced by 13-18 months of age.
We found no differences between males and females of the same age in height (in mm) or occlusal length (in mm) of p3, or height (in mm) of upper or lower canines (all P Ͼ 0.05; Fig. 1 ). Therefore, data from both sexes were pooled.
The subadult model-building data set included 19 (13 female, 6 male) known-age observations (12.7 Ϯ 1.8 months) and was validated with 19 (7 female, 12 male) known-age observations (12.7 Ϯ 1.8 months). Selection procedures for variables in multiple linear regression suggested that 2 variables be used: height (in mm) of the 1st lower canine (c1) and height (in mm) of the 1st upper canine (C1; Appendix I). The best model for animals with incomplete permanent dentition (F ϭ 32.48, d.f. ϭ 2, 16, P Ͻ 0.0001) predicted age as log (age in months) We found a positive correlation between known ages and estimates from this model (Fig. 2) . We also found a negative correlation between known ages and this model's estimation errors (Table 2) , as is often seen in models based on tooth wear. Nevertheless, this model performs acceptably.
The adult model-building data set of 60 (38 female, 22 male) known-age observations (56.6 Ϯ 40.7 months) was used to construct mixed-sex models to produce age estimates for either females or males, which were tested with the adult validation data set (18 female, 9 male; 58.8 Ϯ 39.5 months). Concordance among selection methods for variables in multiple linear regression suggested that 2 predictor variables be used: occlusal length (in mm) of p3 (OCCp3; Appendix I), and height (in mm) of c1 (c1). The best model for mixedsexed observations (F ϭ 168.58, d.f. ϭ 2, 57, P Ͻ 0.0001) predicted age as age in months ϭ 34.281 ϩ 15.423(OCCp3)
FIG. 2.-Association of known and estimated ages (n ϭ 19) of male and female Crocuta crocuta with erupting permanent dentition from regression (equation 1) of log 10 (age in months) on log 10 (height of C1) and log 10 (height of c1). Solid line indicates theoretically perfect association. However, spotted hyenas often break c1 (Van Valkenburgh 1988) . If c1 was excluded from the analysis, the resulting models were less accurate and precise. The best of these models (F ϭ 412.27, d.f. ϭ 1, 58, P Ͻ 0.0001) was log (age in months) 10 ϭ 1.004 ϩ 0.116(OCCp3)
Both mixed-sex models have acceptable accuracy (Table 2 ) and produce estimates that are correlated positively with known ages (Fig. 3) . The association between estimation error and known age was weak and nonsignificant for both models ( Table 2) . The only trend in error was that both models were less precise for animals Ն72 months old (Fig. 3) . No model built with data from males to predict ages of females performed as well as models 2 or 3, but this was expected because fewer males were sampled at many ages. The best model (F ϭ 217.59, d.f. ϭ 3, 56, P Ͻ 0.0001) for estimating ages of adult males (n ϭ 28, 30.4 Ϯ 15.4 months) was built with data on known-age females (n ϭ 56, 73.8 Ϯ 41.5 months) and estimated age of males as log (age in months) 
This model produced a positive correlation between estimated and known ages (Fig. 4) and a negative correlation between known ages and estimation errors ( Table 2) . The model met our overall accuracy and precision criteria (Table 2 ) and did not decline in precision among the oldest males, which are much younger than the oldest females (Fig. 4) . Model 4 was used to estimate ages at arrival of resident Talek 21.1 months). These estimated ages at immigration were different (Fig. 5) from known ages at emigration from Talek (n ϭ 40, 42.1 Ϯ 10.5 months). Because the oldest (i.e., 75.9 months) disperser from Talek was more than 1 SD older (i.e., 15.3 months) than the next oldest disperser, and missed our absence cutoff by only 1.1% (i.e., 2 days Ͻ 6 months), we consider his dispersal age an outlier. Based on the other observed ages at dispersal and model estimation error, resident immigrants who were estimated to be Յ70.1 months old at arrival were considered primary dispersers. Most resident immigrants appeared to be primary dispersers (n ϭ 34, 37.6 Ϯ 12.4 months), but 17% (n ϭ 7, 83.0 Ϯ 11.9 months) were evidently engaging in secondary dispersal when they joined the Talek clan. Fates of 20 males were known using radiotelemetry, which revealed that secondary dispersal occurred among a substantial minority (40%) of both natal (2 of 9) and resident immigrant (6 of 11) males. Small sample sizes and methodological differences precluded comparison of the rates of secondary dispersal between natal and resident immigrant males.
DISCUSSION
The sequence of tooth replacement observed in this study matched that seen in C. crocuta by Slaughter et al. (1974) , including variability in replacement of P2 and p2. As we expected based on earlier studies (Frank et al. 1991; Pournelle 1965; Schneider 1926) , the deciduous incisors and canines were erupted at birth. Pournelle (1965) noted the eruption of deciduous cheek teeth at 31 days of age, consistent with our observation of the eruption of those teeth by 2 months of age. Binder and Van Valkenburgh (2000) noted that adult dentition of captive spotted hyenas might be fully erupted at younger ages (i.e., 12-14 months) than in wild conspecifics. They observed ages that agree with those of Kruuk (1972) from wild C. crocuta but which are younger than those observed in this study or by Mills (1990) . The faster eruption observed in captive animals might result from improved nutrition. The softer, yet more nutritious diet of young (i.e., Յ40 months old), captive C. crocuta (Berger et al. 1992 ) also might have caused the regression derived from Binder (1998) to underestimate the ages of young free-ranging C. crocuta. This suggests that variation in nutritional status among wild C. crocuta may influence the rate of tooth eruption and replacement and explain some of the estimation error of our model for animals with subadult dentition. We could not directly measure the nutritional status of wild C. crocuta cubs, but a surrogate measure of this, maternal rank, was not associated with the age at which tooth replacement was initiated. Nonetheless, maternal rank may play a greater role in dental development in cubs when females are under greater nutritional stress than in this study.
We tested an estimator derived from Binder (1998) with data from free-ranging animals similar in age to those she studied (n ϭ 12, 26.7 Ϯ 8.2 months). This model produced estimates, from the height of permanent C1, not correlated with known ages (r ϭ 0.276, P ϭ 0.386), and it consistently underestimated known ages (error ϭ Ϫ23.0 Ϯ 7.9 months). The mixed-sex model of van Jaarsveld et al. (1987) produced estimates that were positively correlated with known ages (r ϭ 0.756, P Ͻ 0.0001), but it overestimated the age of all but 1 individual (n ϭ 27, error ϭ 73.2 Ϯ 34.8 months). This model yielded no association between estimation error and known age (r ϭ 0.02, P ϭ 0.92).
van Jaarsveld et al. (1988) described strong relationships between ages estimated from dental annuli and morphometric data (e.g., shoulder height, body weight, total body length) in South African spotted hyenas, but these morphological measures were not the best predictors of age in Talek hyenas. Rather, age of Talek hyenas was best estimated by dental measurements. Spotted hyenas crush and consume large amounts of bone (Kruuk 1972 ) using p3 (Biknevicius 1996; Van Valkenburgh 1996) , so it is not surprising that wear of this tooth reflects age. Another advantage to using p3 in an age estimator for C. crocuta is that breakage of this tooth is less common than that of other teeth (Van Valkenburgh 1988) . We recommend that researchers calculate the mean anterior-posterior occlusal length (in mm) of both right and left p3 to reduce estimation error due to breakage and asymmetrical tooth wear. The latter appears common in wild C. crocuta (Lindeque and Skinner 1984) .
Overestimation of ages with the equation of van Jaarsveld et al. (1987) is consistent with the observation that the maximum es-timated age for C. crocuta in that study was 7 years greater than the maximum known age among Talek hyenas (i.e., about 24 years versus 17 years). This overestimation might be due to irregular formation of dentine lines or to differences in tooth wear between spotted hyenas in Kenya and South Africa. Such interpopulation variation has been observed in roe deer (Capreolus capreolus-Hewison et al. 1999) and Spanish ibex (Capra pyrenaica- Fandos et al. 1993 ) but has not been seen in carnivores (Gipson et al. 2000; Harris 1978; Smuts et al. 1978) . Spinage (1973) predicted that tooth wear would overestimate the ages of young animals and underestimate the ages of old animals. This has been observed in roe deer (Hewison et al. 1999 ) and with our best estimator of male age (i.e., equation 4). Nonetheless, we find the error of our model acceptable, and this is the model we recommend for estimating the ages of adult male C. crocuta. Previous researchers experienced difficulty in estimating the ages of older gray wolves (Canis lupus- Landon et al. 1998) , red deer (Cervus elaphusBrown and Chapman 1991), and fallow deer (Dama dama- Brown and Chapman 1990) , and our best estimator of female ages (i.e., equation 2) also had decreased precision among older individuals. Estimates from this model are less precise after an age (i.e., 72 months) older than most (i.e., 76%) of the animals whose measurements were used to build and test the mixed-sex models. Therefore, we conclude that our model provides realistic estimates across most of the lifespan of wild C. crocuta. We recommend this equation to estimate the ages of female spotted hyenas or hyenas of unknown sex.
Sex affects age estimation in white-tailed deer (Odocoileus virginianus-Van Deelen et al. 2000) . Because we found no sexual dimorphism in those variables that best reflected and predicted age and because our best estimator of male age was built with data from females, we agree with those authors (Hamilton et al. 1986; van Jaarsveld et al. 1988 ) who have suggested that sexual dimorphism in C. crocuta is very slight. Individual variation in tooth wear has been observed in roe deer (Hewison et al. 1999) and red fox (Harris 1978 ) and linked to variation in enamel mineralization within red deer (Cervus elaphus) populations (Kierdorf and Becher 1997) . We propose that individual variation is more important than sexual dimorphism in shaping tooth wear among spotted hyenas. Social rank may influence diet composition and cumulative differences in tooth wear, but we cannot address this with our current data.
Natal Talek males disperse at approximately the same ages as males in the adjacent Serengeti ecosystem (East and Hofer 2001) . Talek males do not become nomadic (E. E. Boydston, in litt.), so older immigrants in this area must be secondary dispersers. Secondary dispersal occurs frequently among male C. crocuta in our study area, so rank of immigrant males is not as closely linked to age as in the Serengeti (East and Hofer 1991) , where secondary dispersal appears to occur rarely (Hofer et al. 1993) . Secondary dispersal in the Serengeti may be constrained by more limited opportunities for dispersal (E. E. Boydston, in litt.). Genetic analyses have shown that primary dispersal by males is a near-universal prerequisite for reproductive success in Talek (Engh et al. 2002) , so we suggest that males also undergo secondary dispersal to improve their reproductive success. However, we do not know whether secondary dispersers accrue increased reproductive benefits in their new clans.
